Colorectal cancer is the fourth most common cancer and the second leading cause of cancer death in the United States, with approximately 142 570 new cases and 51 370 colorectal cancer-related deaths expected in 2010 (1). Observational and experimental evidence suggest that sex hormones, particularly estrogen, play a role in colorectal cancer pathogenesis (2). Most notably, a substantial body of epidemiological data supports an inverse relationship between postmenopausal oral hormone therapy use and the risk of colorectal cancer (3), an association that was confirmed by results of the Women's Health Initiative (WHI) Clinical Trial, which reported a statistically significant decreased risk of colorectal cancer among women using estrogen plus progestin formulations (but not among women using estrogen alone) compared with women using placebo (4,5).
Colorectal cancer is the fourth most common cancer and the second leading cause of cancer death in the United States, with approximately 142 570 new cases and 51 370 colorectal cancer-related deaths expected in 2010 (1) . Observational and experimental evidence suggest that sex hormones, particularly estrogen, play a role in colorectal cancer pathogenesis (2) . Most notably, a substantial body of epidemiological data supports an inverse relationship between postmenopausal oral hormone therapy use and the risk of colorectal cancer (3) , an association that was confirmed by results of the Women's Health Initiative (WHI) Clinical Trial, which reported a statistically significant decreased risk of colorectal cancer among women using estrogen plus progestin formulations (but not among women using estrogen alone) compared with women using placebo (4, 5) .
By contrast, two subsequent prospective studies reported a positive association between endogenous estrogen level and the risk of colorectal cancer in postmenopausal women. The first investigation, which was conducted in the WHI Observational Study, found that a high endogenous level of estrogen was associated with a 1.5-fold increased risk of developing colorectal cancer after adjustment for established colorectal cancer risk factors (6) . Similarly, the New York University Women's Health Study reported a 60% increased risk of colorectal cancer for women in the highest quartile of circulating estrogen level compared with those in the lowest quartile (7) . The positive associations between endogenous estrogen level and the risk of colorectal cancer reported by these investigations are consistent with laboratory data demonstrating the proliferative effects of exogenous estradiol in colorectal tissue and in colorectal cancer cell lines (8) (9) (10) (11) . The findings from these observational and experimental studies, when considered together with the data on hormone therapy use and colorectal cancer, suggest that endogenous and exogenous sex hormones may play different roles in colorectal tumorigenesis.
Reproductive factors, such as parity, age at birth of first child in parous women, age at menarche, and age at menopause, have been used as surrogate markers for lifetime exposure to endogenous estrogens (12, 13) , whereas serologic studies typically examine endogenous estrogen level at a specific time. These reproductive factors are associated with known sex hormone-related malignancies such as breast and endometrial cancers (14) (15) (16) . Although nine prospective investigations have evaluated the associations between reproductive history and oral contraceptive use and the risk of colorectal cancer, their results were inconsistent (17) (18) (19) (20) (21) (22) (23) (24) (25) . Possible reasons for the lack of consistent findings include the relatively small number of case subjects evaluated in the majority of these investigations [eg, only two studies (17, 25) included more than 1000 colorectal cancer case subjects], and the inclusion of premenopausal women in all of the studies. The hormonal profile of premenopausal women differs markedly from that of postmenopausal women (26) , and in several of the prior investigations (22, 25) , associations between reproductive factors and colorectal cancer risk appeared to differ according to menopausal status. In addition, the small sample size in many of the prior studies precluded stratification by hormone therapy use or body mass index (BMI), two factors that could confound the association between reproductive factors and the risk of colorectal cancer.
Therefore, to study the relationship between reproductive history and the risk of colorectal cancer and, by extension, the role of lifetime endogenous estrogen exposure in colorectal tumorigenesis, we examined associations between reproductive factors and incident colorectal cancer among postmenopausal women who were enrolled in the National Institutes of Health (NIH)-American Association of Retired Persons (AARP) Diet and Health Study, a large prospective cohort that included more than 214, 000 postmenopausal women.
Materials and Methods

Study Population
The NIH-AARP Diet and Health Study is a large longitudinal cohort that was established in 1995-1996 to investigate the role of diet and lifestyle factors in cancer development (27) . Briefly, a selfadministered questionnaire was mailed to 3.5 million male and female AARP members aged 50-71 years residing in California, Florida, Pennsylvania, New Jersey, North Carolina, Louisiana, and the metropolitan areas of Atlanta, Georgia and Detroit, Michigan. A total of 567 169 questionnaires with satisfactorily completed dietary information were returned. Of the initial respondents, we excluded 179 individuals with duplicate questionnaires, 261 individuals who died before their questionnaire was processed, 321 individuals who moved out of the study area before returning their questionnaire, six individuals who withdrew from the investigation, and all men (N = 339 669), which resulted in a study sample of 226 733 women. We then excluded women who reported that they were still menstruating at baseline (ie, at questionnaire completion; n = 9684), and those who reported any prevalent cancer at baseline (n = 2887). Thus, the study population included 214 162 postmenopausal women. The Special Studies Institutional Review Board of the US National Cancer Institute approved this study and completion of the self-administered baseline questionnaire indicated informed consent.
Identification of Incident Colorectal Cancers
Incident colorectal cancers were ascertained by linkage to state cancer registries, all of which were certified by the North American Association of Central Cancer Registries as being more than 90% complete in their case ascertainment (28, 29) . Incident cases of colorectal cancer were defined by International Classification of Diseases for Oncology, 3rd edition (30) codes C180-C189, C199, or C209. Our analysis included all cases diagnosed through December 31, 2003.
Statistical Analysis
Differences in the distributions of baseline characteristics between case subjects and non-case subjects were compared using the Wilcoxon rank sum test for continuous data and the Pearson x 2 test for categorical data. To examine the associations between reproductive factors and risk of colorectal cancer, we estimated hazard ratios (HRs) using Cox proportional hazards regression modeling, with time from study enrollment, in days, as the underlying time
CONTEXT AND CAVEATS
Prior knowledge
Clinical trials and prospective studies have produced conflicting data regarding the role of sex hormones including estrogen in colorectal cancer development. Most prospective studies that have examined the association between reproductive history (a surrogate measure of lifetime estrogen exposure) and the risk of colorectal cancer have had substantial limitations.
Study design
A prospective cohort of postmenopausal women enrolled in the National Institutes of Health-American Association of Retired Persons Diet and Health Study completed questionnaires on reproductive factors, including ages at menarche, birth of first child, and menopause, parity, and use of oral contraceptives. Associations between these reproductive factors and the risk of colorectal cancer, with adjustment for established colorectal cancer risk factors, were examined.
Contribution
Older age at menopause and age at birth of first child were positively associated with the risk of colorectal cancer. Among women with no history of hormone therapy use, older age at menarche, and higher parity were inversely associated with the risk of colorectal cancer.
Implications
Greater endogenous estrogen exposure may increase the risk of colorectal cancer in postmenopausal women.
Limitations
Reproductive factors are surrogates for estrogen exposure. Reproductive history data were reported by the participants and thus the possibility of recall bias cannot be excluded. The analyses were not stratified by hormone therapy subtypes. Detailed data on other reproductive factors that have been linked with breast cancer were not available. ] , black, or other); family history of colorectal cancer (defined as having a first-degree relative with colorectal cancer); usual vigorous physical activity (at work or at home, including exercise, sport, and activities, such as carrying heavy loads, which lasted 20 minutes or more and caused either increases in breathing, heart rate, or perspiration; never or rarely [referent], 1-3 times/month, or ≥1 time/week); education level (high school diploma or less than high school diploma [referent] or more schooling); hormone therapy status (never [referent], current, or former); and a history of diabetes (yes or no). Additional variables, including a history of colorectal polyps, use of nonsteroidal anti-inflammatory drugs, red meat intake, and dietary calcium intake, were evaluated as potential covariates, but their inclusion in our a priori-determined multivariable model outlined above did not alter the risk estimates and, therefore, they were not considered in subsequent models (data not shown). We also performed analyses stratified by ever use of hormone therapy (never use vs ever use) and BMI (normal body size vs overweight: <25 vs ≥25 kg/m 2 ). To test for statistically significant differences in the association between the reproductive factors and risk of colorectal cancer between strata of ever use of hormone therapy and BMI, we compared the multivariable model for the association of the reproductive factor of interest with colorectal cancer risk with a subsequent model that included the reproductive factor and an interaction term for that variable and the stratified factor. The difference between the two models was evaluated using the likelihood ratio test. This study had greater than 80% statistical power to detect small-to-moderate interaction effects (defined as ratio of the HRs for the two contrasted strata [ie, never use to ever use of hormone therapy and BMI < 25 kg/m 2 to BMI ≥ 25 kg/m 2 ] < 1.7). All tests of statistical significance were two-sided, and P values less than .05 were considered statistically significant. All analyses were performed using Stata statistical software (version 10.1; Stata Corp, College Station, TX).
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Results
Baseline Characteristics
During a mean follow-up of 8.2 years, 2014 postmenopausal women were diagnosed with colorectal cancer, of which 1483 were colon cancers and 531 were rectal cancers. Selected baseline characteristics of the study population are presented in Table 1 . Compared with non-case subjects, colorectal cancer case subjects were slightly older, had a higher BMI, were more likely to have a positive family history of colorectal cancer and a personal history of polyps, were more likely to be current or former smokers, and more likely to be diabetic. In addition, colorectal cancer case subjects reported less physical activity and less education but higher consumption of saturated fat and red meat compared with noncase subjects. With respect to reproductive factors, colorectal cancer case subjects were less likely to have used oral contraceptives or hormone therapy or to have undergone oophorectomy, and, on average, underwent menopause at an older age, and gave birth to their first child at a younger age compared with non-case subjects. Table 2 presents age-adjusted and multivariable-adjusted hazard ratios and 95% confidence intervals (CIs) for associations between reproductive factors and the risk of colorectal cancer. Age at menopause was positively associated with incident colorectal cancer in the multivariable models (P trend = .008). For example, women who were 55 years or older at menopause had an increased risk of colorectal cancer compared with women who were younger than 40 years at menopause (HR for ≥55 vs <40 years = 1.50, 95% CI = 1.23 to 1.83). This association was unaltered when the referent group was the age-at-menopause category that included the greatest number of women (HR for ≥55 vs 50-54 years = 1.33, 95% CI = 1.12 to 1.58; P trend = .008). Age at birth of first child was also positively associated with risk of colorectal cancer (P trend = .046). For example, compared with women who were 19 years or younger at the time of their first child's birth, those who were 30 years or older at their first child's birth had an increased risk of colorectal cancer (HR = 1.26, 95% CI = 1.01 to 1.58). We did not observe statistically significant associations between parity, age at menarche, or use of oral contraceptives and the risk of colorectal cancer. Simultaneous inclusion of each of the reproductive factors in the multivariable model did not meaningfully alter the associations of these parameters with colorectal cancer risk nor did restricting analyses to either colon or rectal cancer (data not shown).
Risk of Incident Colorectal Cancer
In further analyses, we stratified the data by hormone therapy use (Table 3) , and observed a statistically significant interaction between age at menarche, use of hormone therapy, and the risk of colorectal cancer (P interaction = .02). Among women with no history of hormone therapy use, having undergone menarche at age 15 years or older vs at 11-12 years of age was associated with a reduced risk of colorectal cancer (HR = 0.73, 95% CI = 0.57 to 0.94; P trend = .02). However, among women who had ever used hormone therapy, there was no association between age at menarche and risk of colorectal cancer (P trend = .22). We also observed a possible inverse association of parity and colorectal cancer among women who had ever used hormone therapy (P trend = .10), which was not observed among women who had ever used hormone therapy (P trend = .40). For example, among women who had never used hormone therapy, compared with nulliparous women, those who gave birth to five or more children were at decreased risk of colorectal cancer (HR = 0.80, 95% CI = 0.63 to 1.02). The associations between age at menopause, age at birth of first child, and use of oral contraceptives did not differ according to hormone therapy use, and none of the associations between the reproductive factors and risk of colorectal cancer differed according to BMI (data not shown). 
Discussion
In this large prospective investigation of postmenopausal women, we observed statistically significant positive associations between age at menopause and age at birth of first child with risk of incident colorectal cancer after controlling for multiple other colorectal cancer risk factors. In addition, among women with no history of hormone therapy use, age at menarche and parity were inversely associated with risk of colorectal cancer, although the latter association was not statistically significant. It is notable that these associations are similar to reported relationships between reproductive factors and risks of breast and endometrial cancers. For example, early age at menarche, late age at menopause, nulliparity, and later age at birth of first child are all established risk factors for breast and uterine cancers (16, 32) ; these factors are believed to influence the risks of these malignancies by increasing lifetime exposure to endogenous sex hormones such as estrogen (14) (15) (16) . Our finding that these same risk factors are also associated with the risk of colorectal cancer suggests that similar endocrinologic mechanisms may play a role in colorectal tumorigenesis. Evidence that endogenous estrogen levels are positively associated with colorectal cancer development has recently emerged from two prospective studies conducted among postmenopausal women (6,7). Both investigations reported statistically significant positive associations between circulating estrogen levels and the risk of colorectal cancer, and one study (6) also controlled for circulating insulin and free insulin-like growth factor I (IGF-I) levels and obesity, which suggests that the relationship between estrogen and risk of colorectal cancer may be independent of obesity-related pathways. In vitro data also support a role for estrogen in colorectal tumorigenesis (8) (9) (10) 33) . For example, in human colorectal cancer cell lines, estradiol has been shown to activate the mitogenactivated protein kinase cascade, a pathway that plays a key role in the stimulation of DNA and protein synthesis, which induces cell growth and proliferation (10, 11) . In addition, colorectal cancer tissue was found to have higher levels of estradiol activity compared with nonmalignant colorectal tissue (34, 35) , and a cross-sectional study of colon cancer patients reported that colon carcinoma tissue had a statistically significant twofold higher level of total estrogen compared with normal colon mucosa (36) . Low concentrations of intratumoral estrogen were also statistically significantly associated with better prognosis (36) , and higher levels of estrogen receptor beta expression were reported in colorectal carcinomas compared with normal colonic mucosa (37) .
Later age at menopause is an established risk factor for breast cancer (32) ; the higher number of ovulatory cycles and increased estrogen exposure associated with later menopause has been hypothesized to drive this relationship (14, 15, 38) . Most previous studies of the association between reproductive history and the risk of colorectal cancer have generally reported a null association for age at menopause and risk of colorectal cancer. However, all of these investigations included premenopausal women and, thus, their statistical power to evaluate the association between age at menopause and risk of colorectal cancer was limited. In this study, we observed an inverse relationship between age at menarche and the risk of colorectal cancer. Like age at menopause, age at menarche is an indicator of the duration of exposure to cyclic ovarian function, and some (39, 40) , but not all (41) , studies have demonstrated an inverse relationship between age at menarche and circulating estrogen level. The Nurses' Health Study (19) and the Japan Collaborative Cohort Study (21) reported statistically significant inverse trends for the association between age at menarche and risk of colorectal cancer, which is consistent with our data. However, other investigations that evaluated the association between age at menarche and risk of colorectal cancer reported null associations (17, 18, 20, 23, 25) . It is interesting that in this study, the inverse relationship between age at menarche and risk of colorectal cancer was only observed among women with no history of hormone therapy use. One potential explanation for this observation is that among women using hormone therapy, the association of earlier age at menarche and colorectal cancer incidence is masked by the strong protective effect of hormone therapy use on risk of colorectal cancer.
In this study, later age at birth of first child was positively associated with the risk of colorectal cancer. This finding is also consistent with data from the Nurses' Health Study, which reported a statistically significant positive association between age at first pregnancy and risk of colorectal cancer (relative risk for women age ≥30 years at first pregnancy vs <24 years = 1.57, 95% CI = 1.15 to 2.14) (19) . Two other cohort studies also reported positive, albeit non-statistically significant associations between age at birth of first child and risk of colorectal cancer (18, 21) . Although later age at birth of first child has also been found to be positively associated with the risk of breast cancer (14) , the mechanism underlying the positive association with colorectal cancer is less apparent than it is for breast cancer. For example, in the case of breast cancer, in the period between the onset of menarche and the first pregnancy, the breast tissue is undifferentiated and is particularly susceptible to carcinogenic insults (42, 43) . Therefore, the longer this period of susceptibility, the greater is the risk of breast tumorigenesis. It is unknown whether endocrinologic changes that occur during pregnancy also confer a similar type of protection against colorectal carcinogenesis or whether the colonic mucosa is particularly susceptible to mutagenic events before pregnancy. Further investigation into the mechanism underlying the association between age at birth of first child and the risk of colorectal cancer is warranted.
It is interesting that although parity was inversely associated with the risk of colorectal cancer in this study, as with the association between age at menarche and risk of colorectal cancer, this relationship was only apparent among women who had never used hormone therapy. Although most of the prior studies did not find statistically significant associations between parity and the risk of colorectal cancer, one cohort study (23) demonstrated that compared with nulliparous women, women who had given birth to two or more children had a decreased risk of malignancy in the cecum or ascending colon. Pregnancy leads to substantial changes in the hormonal milieu, which may be protective against colorectal cancer. For example, during gestation, production of ovarian estradiol ceases and the predominant estrogen in circulation is estrone (26) . Whereas estradiol has been demonstrated to have proliferative properties in colorectal cancer cell lines (10) , estrone has been shown to exert antiproliferative effects in these tissues (35) . Therefore, it is possible that a hormonal profile in which estrone predominates confers protection against colorectal tumorigenesis. We note, however, that the New York University Women's Health Study reported a weak positive association between circulating estrone levels and the risk of colorectal cancer (7) . Pregnancy is also characterized by continuous production of progesterone from the early gestation period until delivery (26) . Progesterone opposes the mitogenic effects of estrogen in reproductive tract tissues (eg, the endometrium) (26) , and it is conceivable that progestagens may exert similar effects on other tissues, such as the colonic epithelium. Both normal and malignant colon cells express progesterone receptors (44) (45) (46) ; however, the direct biological effects of progesterone on colonic tissue are not understood. In contrast to our results, a recent study conducted in the European Prospective Investigation into Cancer (EPIC), which evaluated a similar number of colorectal cancer case subjects as in this study, found no association between reproductive history and the risk of colorectal cancer (25) . We note, however, that the women enrolled in the EPIC cohort were considerably younger than the NIH-AARP participants and that 25% of the case subjects in the EPIC study were premenopausal or perimenopausal women, in whom the association between reproductive history and risk of colorectal cancer may differ from that in postmenopausal women due to substantial differences in the endocrinologic profile.
In addition, a comparison of the baseline characteristics of the EPIC and NIH-AARP populations reveals some notable differences that may also influence the relationship between reproductive history and risk of colorectal cancer. For example, oral contraceptive use was much more prevalent among EPIC participants compared with NIH-AARP study subjects; the profound changes that oral contraceptive use has on the hormonal milieu (eg, reduced number of ovulation cycles and potentially lower endogenous estrogen levels) may influence the association of reproductive history with colorectal cancer risk.
The associations between reproductive history and incident colorectal cancer observed in this study suggest that increased exposure to endogenous estrogen increases risk of colorectal cancer, a finding that is consistent with the results of two prospective cohort studies of circulating estrogen levels and colorectal cancer (6, 7) . However, these findings stand in direct contrast to the results from the WHI Clinical Trial (4) and from a large number of observational investigations that indicate that use of hormone therapy (ie, exogenous estrogen) protects against colorectal cancer development. Several hypotheses have been advanced to explain the disparate results (6) . First, oral hormone therapy may expose the liver to a large bolus of estrogen (the so-called first-pass effect), which could alter hepatic protein synthesis. It is known that oral estrogens result in decreased synthesis of insulin-IGF-I axis components (47, 48) , which are positively associated with the risk of colorectal cancer (6) . Conversely, expression of sex hormonebinding globulin, the main estrogen-binding protein in circulation, is increased in hormone therapy users, leading to reduced levels of bioavailable estrogen (49) . In addition, oral estrogens may also induce or suppress other as-yet uncharacterized pathways that play an important role in colorectal cancer pathogenesis. Second, the protective effect of hormone therapy use against colorectal cancer may not lie in the estrogen components of oral hormone therapy. In the WHI Clinical Trial, estrogen plus progestin therapy was shown to protect against colorectal cancer, whereas estrogen alone had no effect (4, 5) . It is possible, therefore, that progestin is the protective component in hormone therapy and that progesterone may be etiologically relevant to colorectal cancer (5) . Finally, it is also important to consider that other hormonal and physiological mechanisms related to colorectal tumorigenesis, including alterations in the insulin-IGF-I axis (6, 50) , may also underlie the association between reproductive history and colorectal cancer. The strengths of this study include the large, well-characterized prospective cohort of more than 200 000 postmenopausal women with more than 2000 colorectal cancer cases verified by tumor registry data and the relatively long follow-up of the study participants. The age-specific colorectal cancer incidence rates in this study were highly consistent with those reported by the Surveillance, Epidemiology, and End Results Program (51), indicating the completeness of the colorectal cancer incidence data and suggesting that there was no substantial bias in cohort selection relating to voluntary response to the NIH-AARP dietary questionnaire. The large sample size enabled us to perform stratified analyses with adequate statistical power, which allowed the assessment of women according to BMI or hormone therapy use, two factors that could have a confounding effect on the association between reproductive history and colorectal cancer.
This study has several possible limitations. In particular, all of the primary variables of interest were based on self-reported reproductive history and thus we cannot exclude the possibility of bias related to inaccurate recall. However, self-reported reproductive history has shown good agreement with medical records in validation studies (12, 13) . In addition, we could not further stratify the analyses by hormone therapy subtypes, and we lacked more detailed data on other reproductive factors, such as age at birth of last child, breastfeeding history, and history of induced or spontaneous abortion, which have been linked with breast cancer (52) (53) (54) (55) (56) and which could help further elucidate the role of sex hormones in colorectal cancer development.
In conclusion, the findings of this investigation support a role for sex hormones in colorectal tumorigenesis and suggest that greater endogenous estrogen exposure may increase the risk of colorectal cancer in postmenopausal women. Further prospective studies that directly assess levels of circulating estrogens and other sex hormones in postmenopausal women in relation to colorectal cancer risk would be highly informative.
